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640 The Journal of Thoracic and CardioObjective: The mechanism of spinal cord injury has been thought to be related to the
vulnerability of spinal motor neuron cells against ischemia. However, the mecha-
nisms of such vulnerability are not fully understood. Because we previously re-
ported that spinal motor neurons were probably lost as the result of programmed cell
death, we investigated a possible mechanism of neuronal death by immunohisto-
chemical analysis for Grp78 and caspase12.
Methods: We used a rabbit spinal cord ischemia model with a balloon catheter. The
spinal cord was removed at 8 hours or 1, 2, or 7 days after 15 minutes of transient
ischemia. Histologic changes were studied with hematoxylin-eosin staining. West-
ern blot analysis for Grp78 and caspase12, temporal profiles of Grp78 and caspase12
immunoreactivity, and double-label fluorescence immunocytochemical studies were
performed.
Results: The majority of motor neurons were preserved for 2 days but were
selectively lost at 7 days of reperfusion. Western blot analysis revealed scarce
immunoreactivity for Grp78 and caspase12 in the sham-operated spinal cords.
However, immunoreactivity for Grp78 and caspase12 became apparent at 8 hours
after transient ischemia, which returned to the baseline level at 1 day. Double-label
fluorescence immunocytochemical study revealed that both Grp78 and caspase12
were positive at 8 hours of reperfusion in the same motor neurons that eventually
die.
Conclusion: This study demonstrated that immunoreactivities for both Grp78 and
caspase12 were induced in the same motor neuron that eventually dies. These results
suggest that endoplasmic reticulum stress was induced in motor neurons by transient
spinal cord ischemia in rabbits.
Spinal cord injury after a successful operation of thoracic aorta is a disastrouscomplication in humans. The reported incidences of paraplegia range from2.9% to 23%1 in operations on the thoracic aorta. The cause of acute spinal
cord dysfunction is believed to be the ischemic damage incurred during crossclamp-
ing. Ischemia can occur as the result of permanent exclusion of the essential
intercostal arterial blood supply to the spinal cord or temporary interruption of blood
flow to the spinal cord.2 However, patients undergoing thoracic aneurysm repair
who awake with no neurologic deficit immediately after the operation may even-
tually have paraplegia.3,4 However, the exact mechanism of such delayed vulnera-
bility is not fully understood. In a rabbit spinal cord ischemia model, we reported
delayed and selective motor neuron death after transient ischemia.5 Furthermore in
this model, we reported that delayed and selective motor neuron death was greatly
associated with activated apoptotic signals.5
There are 2 major pathways for apoptosis induction: (1) the extrinsic pathway,
which is activated by plasma membrane death receptor ligation, and (2) the intrinsic
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Ppathway, in which release of cytochrome c from mitochon-
dria and activation of caspase9 are implicated.6 In delayed
neuronal death, the intrinsic pathway plays an important
role, and the mitochondrial injury mechanism has been
extensively investigated in the ischemic model.7 However,
it has become clear that not only mitochondria but also other
organelles, such as the endoplasmic reticulum (ER), Golgi
apparatus, and lysosomes, are also involved in the intrinsic
pathway of apoptosis.8,9
The ER is an organelle that plays an important role in the
maintenance of intracellular calcium homeostasis and
proper folding of newly synthesized secretory and membra-
nous proteins.10 This subcellular organelle is sensitive to
cellular stress. In response to cellular stress, such as glucose
deprivation, calcium depletion in ER, and exposure to free
radicals, unfolded proteins accumulate within ER, and sev-
eral signaling pathways, designated as the unfolded protein
response, are initiated to cope with this unfavorable situa-
tion.11,12 One major pathway of unfolded protein response
is the suppression of most protein translations through the
down-regulated function of eukaryotic initiation factors 2
and 4 by PKR-like ER eukaryotic initiation factor-2
kinase, an ER-resident kinase.11,12 This pathway is likely to
prevent further accumulation of unfolded proteins. Another
pathway is the up-regulated expression of ER-localized
molecular chaperons, such as Grp78 and Grp94, which
contribute to repair unfolded proteins.11,12 Moreover, it has
been reported that several cell death-inducing pathways are
set in motion subsequent to the cellular stress that affects
ER, collectively known as ER stress.11,12 Accumulating
evidence shows that ER stress plays an important role in the
mechanisms underlying ischemia-reperfusion neuronal
damage. Nevertheless, the implications of the ER stress-
induced cell death pathways remain elusive. Caspase12,
which was identified as the first ER-associated member of
the caspase family, is activated by ER stress, such as treat-
ment with tunicamycin and thapsigargin, and this novel
caspase is regarded as a representative molecule implicated
in the cell death-executing mechanisms relevant to ER
stress.13 We hypothesize that motor neuron cells eventually
dying in this model of acute spinal cord ischemia demon-
strate prior induction of Grp78 and caspase12. Thus, we
examined the induction of Grp78 and caspase12 in motor
neurons after transient spinal cord ischemia.
Materials and Methods
Animal Models
During the experiment, the animals were treated in accordance
with the Declaration of Helsinki and the guiding principles in the
care and use of animals. Also, the experimental and animal care
protocol was approved by the animal care committee of Tohoku
University School of Medicine.
Twenty-eight Japanese domesticated white rabbits weighing 2
to 3 kg were used in this study. The rabbits were divided into 2
The Journal of Thoracigroups: a 15-minute ischemia group and a sham control group.
Anesthesia was induced with intramuscular administration of ket-
amine at a dose of 50 mg/kg and maintained with 2% halothane
inhalation. A 5F pediatric thermodilution catheter (405, B. Braun
Melsungen AG, Melsungen, Germany) was inserted through a
femoral artery and advanced 15 cm forward into the abdominal
aorta. Preliminary investigations by laparotomy confirmed that the
balloon in the distal end of the thermodilution catheter was posi-
tioned 0.5 to 1.5 cm just distal to the left renal artery. During the
experiment, aortic pressures were continuously monitored both at
the proximal and distal positions of the balloon. When the balloon
of the thermodilution catheter was inflated in the abdominal aorta,
the systemic blood pressure of the rabbits did not change. The
arterial pressure distal to the inflated balloon decreased to approx-
imately zero, and no pulsation was recorded. On deflation of the
balloon, systemic blood pressure of this portion decreased for 15
minutes and then returned to the normal level (data not shown).
Body temperature was monitored with a rectal thermometer and
maintained at 37°C with a heating pad during surgery and subse-
quent ischemia. Animals were allowed to recover at ambient
temperature and were sacrificed with deep anesthesia of sodium
pentobarbital (100 mg/kg intravenously) at 8 hours or 1, 2, or 7
days after reperfusion (n  5 at each time point). In the sham
control group, animals were sacrificed at 8 hours (n  3) or 7 days
(n  5) of reperfusion after insertion of the catheter into the
abdominal aorta without inflating the balloon. Immediately after
the animals were sacrificed, spinal cords were quickly removed
with a 1-mL syringe plunger. The tissue samples for Western blot
analysis and immunohistochemical studies were frozen in pow-
dered dry ice and stored at 80°C. The samples for histology were
fixed by immersion in 4% paraformaldehyde in 0.1 mol/L phos-
phate buffer and then stored at 4°C for 1 week; they were then cut
transversely at approximately the L2 or L3 level and finally em-
bedded in paraffin.
Neurologic Assessment
Neurologic function was observed at 2 days and at 7 days after the
procedure. Animals were classified according to a 5-point scale
based on the method of Johnson and colleagues13a: 0  hind-limb
paralysis; 1  severe paraparesis; 2  functional movement, no
hop; 3  ataxia, disconjugate hop; 4  minimal ataxia; and 5 
normal function. Two individuals without knowledge of the treat-
ment independently graded neurologic function.
Histologic Study
To see the pathologic changes of the spinal cord after ischemia, we
performed hematoxylin-eosin staining with a set of sections that
were examined by light microscopy. The number of intact large
motor neuron cells in the ventral gray matter region was counted
in 5 sections per animals. An observer, unaware of animal group
and neurologic outcome, examined each slide (100). With he-
matoxylin-eosin staining, the cells were considered “dead” if the
cytoplasm was diffusely eosinophilic and “viable” if the cells
demonstrated basophilic stippling (ie, contained Nissl substance).
Western Blot Analysis
To investigate changes of Grp78 and caspase12 expression, we
performed Western blot analysis. The tissue samples were homog-
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7.5, 1 mmol/L EDTA, and 1 g/mL aprotinin), and then the
homogenates were centrifuged at 7000g for 15 minutes at 4°C. The
supernatants were used as protein samples. Assays to determine
the protein concentration of the supernatants were subsequently
performed by comparing the samples with a known concentration
of bovine serum albumin with the use of the BCA protein assay
reagent kit no. 23225 (Pierce, Rockford, Ill). Sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis was performed
in a 10% polyacrylamide gel under nonreducing conditions. In
brief, protein samples were boiled at 100°C in 2.5% SDS and 5%
-mercaptoethanol, and lysates equivalent to 20 g of protein
from each sample were run on the gel for 90 minutes at 20 mA,
together with a size marker (Rainbow colored protein; Amersham,
Buckinghamshire, United Kingdom). The electrophoresis running
buffer contained 25 mmol/L Tris base, 250 mmol/L glycine, and
0.1% SDS. The proteins on the gel were then transferred to a
polyvinylidene fluoride membrane (Micron Separations Inc, West-
boro, Mass) with a transfer buffer consisting of 48 mmol/L Tris-
base, 39 mmol/L glycine, 0.4% SDS, and 20% methanol.
After the transfer, the membranes were placed in 1% powdered
milk in phosphate-buffered saline (PBS) to block nonspecific
binding. Then they were incubated with primary antibodies at
1:1000 dilution for 20 hours at 4°C. The primary antibodies used
were goat polyclonal anti-Grp78 antibody (SC-1050; Santa Cruz
Biotechnology Inc, Santa Cruz, Calif) and mouse monoclonal
anti-caspase12 antibody (SC-21747; Santa Cruz Biotechnology
Inc). After the membranes were washed in PBS, they were incu-
bated with horseradish peroxidase-conjugate antigoat immuno-
globulin (Ig)-G (AP180P; Chemicon International, Inc, Temecula,
Calif) and horseradish peroxidase-conjugate antimouse IgG
(AP192P; Chemicon International, Inc) at 1:1000 dilution in PBS
for 90 minutes, respectively. The blots were developed with the
electrochemiluminescence detection method (RPN2106; Amer-
sham Pharmacia Biotech, Tokyo, Japan). To ascertain specific
binding of the antibody for the protein, another membrane was
stained in a similar way without the primary antibody. The images
of Western blot study were quantified by plotting a 2-dimensional
densitogram with the image analysis program NIH Image, version
1.63 (Research Services Branch, National Institute of Mental
Health, National Institutes of Health).
Grp78 and Caspase12 Immunocytochemistry
We also performed an immunohistochemical study to investigate
changes of expression of Grp78 and caspase12 in 5 sections per
animal (200). Spinal cord sections were rinsed in 0.1 mol/L PBS
for 20 minutes and blocked in 2% normal horse serum for 2 hours
at room temperature. Then they were incubated with primary
antibodies in 10% normal horse serum or 10% normal rabbit serum
and 0.3% Triton-X 100 for 20 hours at 4°C, respectively. The
primary antibodies used were the same as those used for Western
blot analysis noted previously, and each dilution was as follows:
antibody against Grp78 at 1:200 and antibody against caspase12 at
1:200.
After endogenous peroxidase activity was quenched by expos-
ing slides to 0.3% H2O2 and 10% methanol for 20 minutes, the
slides were washed in PBS and incubated for 3 hours with biotin-
ylated antigoat IgG (PK-6105; Vector Laboratories, Burlingame,
642 The Journal of Thoracic and Cardiovascular Surgery ● SeptCalif) and biotinylated antimouse IgG (PK-6102; Vector Labora-
tories) at 1:200 dilution in PBS containing 0.018% normal horse
and rabbit serum, respectively. Subsequently they were incubated
with avidin-biotin-horseradish peroxidase complex (PK-6102;
Vector Laboratories). The slices were colorized with DAB/H2O2
solution and cytoplasm, and counterstained with hematoxylin. To
ascertain specific binding of antibody for the protein, a set of
sections were stained in a similar way without the primary
antibody.
Fluorescence Double-Labeling Study for Grp78 and
Caspase12
Spinal cord sections were prepared as previously described. A
nonspecific blocking procedure was performed with 10% horse
serum before application of primary antibodies. Then the sections
were incubated with Grp78 goat polyclonal antibodies 1:100
(Santa Cruz Biotechnology) simultaneously with caspase12. These
primary antibodies were incubated overnight at 4°C and detected
by using donkey antimouse IgG linked with TexasRed 1:50 (715-
075-147, Jackson Immunoresearch, West Grove, Pa) and donkey
antigoat IgG linked with fluorescein isothiocyanate 1:50 (705-095-
151, Jackson Immunoresearch). The slides were mounted in aque-
ous mounting media with DABCO and observed with fluorescein
microscopy (200). We also examined the population of Grp78-
and caspase12-expressing cells in 5 sections per animals.
Statistical Analysis
Quantitative analyses of the neurologic score, cell numbers, and
optical density of Western blots were analyzed by analysis of
variance. Parametric data are present as mean  SD.
Results
Neurologic Outcome
In the sham control group (n  5), all rabbits were normal
(grade 5). In the 15-minute ischemia group at 2 days after
the procedure (n 5), 1 rabbit (20%) was normal (grade 5),
3 rabbits (60%) had minimal ataxia (grade 4), and 1 rabbit
(20%) had ataxia (grade 3). In the 15-minute ischemia group
at 7 days after the procedure (n 5), 2 rabbits (40%) did not
hop (grade 2) and 3 rabbits (60%) had ataxia (grade 3).
There was a significant difference between the Johnson’s
neurologic scores at 2 days and 7 days after the procedure in
the 15-minute ischemia group (P  .0011). This difference
was similar between the sham control group and the 15-
minute ischemia group 7 days after the procedure (P 
.0001). Fifteen minutes of ischemia affected neuronal
function.
Histologic Study
After sham control, no significant change was seen in motor
neurons (20.2 3.033). After 15 minutes of ischemia on the
seventh day of reperfusion, approximately 70% of the motor
neuron cells in ventral gray matter were lost (8.4  2.793,
P .0002), although most motor neuron cells had remained
intact after 2 days of reperfusion (17.8 4.604, P .0045).
Small motor neurons and intermediate neurons survived the
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Pischemia. Dorsal horn neurons were intact after 15 minutes
of ischemia (data not shown). The 15 minutes of ischemia 7
days after the procedure affected the number of motor
neuronal loss cells in contrast with sham control.
Thus, selective loss of motor neurons was confirmed, in
accordance with our previous reports.5
Western Blot Analysis
Representative results of Western blot analysis are shown in
Figure 1. With antibody against Grp78, a weak band was
detectable in samples of sham control, but those at 8 hours
after blood flow restoration revealed a single band with a
molecular weight of 78 kDa (Figure 1, A). This band be-
came scarcely detectable 1 day after reperfusion. With an-
tibody against caspase12, no band was detectable in samples
of sham control, but those at 8 hours after blood flow
restoration revealed a single band with molecular weight of
50 kDa (Figure 1, A). This band became detectable 1 day
after reperfusion and was almost lost at 2 days. The mem-
brane without the primary antibody revealed no band (data
Figure 1. A, Representative Western blot for Grp78 and
caspase12. Immunoreactivity was weakly (Grp78) or not
(caspase12) detected in sham-controls. Strong bands were ob-
served at the expected size (78 kD and 50 kD, respectively) 8
hours after blood flow restoration, but became less dense at 1
day. -actin showed no change. B, Quantitative analysis showed
that 15 minutes of ischemia significantly increased Grp78 and
caspase12 at 8 hours of reperfusion (*P < .0001, **P < .0001
compared with sham control group and reperfusion at 1 day
group).not shown). With quantitative analysis, we found that Grp78
The Journal of Thoraciand caspase12 were significantly increased at 8 hours of
reperfusion (*P  .0001, **P  .0001) (Figure 1, B).
Histochemical Study
Immunoreactive Grp78 and caspase12 of sections from spi-
nal cords are shown in Figure 2. The spinal cords of animals
in the sham control group at 8 hours and 7 days of reper-
fusion did not show Grp78 (Figure 2, A) and caspase12
(Figure 2, E) immunoreactivities in any cells. Motor neu-
rons selectively showed strong immunoreactivity for Grp78
(Figure 2, B) and caspase12 (Figure 2, F) at 8 hours of
reperfusion. Immunoreactivity of motor neuron cells for
Grp78 (Figure 2, C) and antigen was almost lost in the
motor neurons at 1 day. Immunoreactivity of motor neuron
cells for caspase12 decreased at 1 day (Figure 2) and was
almost lost in the motor neurons at 2 days (Figure 2).
Fluorescence Double-Labeling Study
The results of Grp78 and caspase12 double-staining immu-
nohistochemistry are shown in Figure 3. Grp78 positive
neurons (18.2  3.114/ventral horn, mean  SD) were
strongly co-localized with caspase12 positive neurons (18.0
 2.345/ventral horn) at only 8 hours of reperfusion. Fur-
thermore, approximately 85% of motor neurons (15.7 
Figure 2. Immunostaining against Grp78 and caspase12 in motor
neurons in a sham spinal cord (A, D) at 8 hours (B, E) and 1 day
(C, F) of reperfusion. Motor neurons that express immunoreactive
Grp78 (A, B, C) and caspase12 (E) (arrowheads). Bar  100 m.1.643/ventral horn) expressed both Grp78 and caspase12.
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We demonstrate a temporal association between induction
of Grp78 and caspase12 at 8 hours after transient spinal cord
ischemia in rabbits; however, the mechanism of neuronal
cell death remains unclear. Until recently, the physiologic
role of the ER was thought to be limited to calcium storage
and the folding and processing of newly synthesized pro-
teins. Conditions such as glucose deprivation, alterations in
calcium homeostasis, and free radical exposure lead to the
accumulation of malfolded proteins in the ER, causing ER
stress.14 Under the condition of ER stress, 3 different mech-
anisms are known to be activated: transcriptional induction
of ER resident chaperones, translational attenuation of mis-
folded or unfolded proteins, and degradation of these pro-
teins through the ubiquitin proteasome system.15 It has only
just been appreciated that ER stress may also lead to
apoptosis.16
Grp78 is known to act as molecular chaperone, regulate
protein folding, and facilitate protein translocation in ER
and ultimately protein secretion.17 Grp78 levels were shown
to increase after exposure to agents that elevate intracellular
calcium level (eg, calcium inophores).18 Perturbations of
ER function appear to act as an early stage of cell death
process before disruption of cellular calcium homeostasis.
Stabilization of cellular calcium homeostasis may also play
a neuroprotective role because elevation of intracellular
calcium level is implicated in the neurotoxic mechanism of
glutamate excitoxicity19 and oxidative stress.20 A pivotal
role for events occurring in the ER in the neuronal death
process is becoming increasingly appreciated. In neurons,
Ca2 release from ER contribute to excitotoxic cell death
because blocking calcium release from ER can protect neu-
rons from excitotoxicity.21 In addition, the anti-apoptotic
protein Bcl-2 may protect cells against apoptosis by stabi-
lizing ER calcium homeostasis.22 An important role for
Grp78 in stabilizing ER Ca2 homeostasis was also indi-
cated: Grp78 overexpression inhibited the increase in intra-
cellular calcium typically induced by H2O2. Recently, Yu
644 The Journal of Thoracic and Cardiovascular Surgery ● Septet al20 reported that suppression of Grp78 expression en-
hances apoptosis and disruption of cellular calcium ho-
meostasis in hippocampal neurons exposed to excitotoxic
and oxidative insults. Furthermore, Aoki et al23 reported
that reduction of Grp78 expression allows hippocampal
neuronal death after transient ischemia in gerbil brain. In
this study, Grp78 was induced in motor neurons at 8 hours
of reperfusion, which returned to the baseline level at 1 day.
The selective induction of Grp78 in motor neuron cells may
indicate ER stress that occurs in the spinal cord after 15
minutes of ischemia. Finally, almost all motor neurons may
be selectively damaged after 7 days of reperfusion. There-
fore, the mechanism of induction of Grp78 may be similar
to the motor neuron cells in the spinal cord and hippocam-
pus of the brain.
To date, 14 caspases have been activated in a way
similar to that in which the clotting and complement
cascades have been discovered. Caspase9, an initiator
caspase, is responsible for the activation of many of the
downstream caspases and is considered to reside at the
apex of this caspase cascade.24 Effector caspases, such as
caspase3, carry out the actual dismantling of the cell.25
After the appropriate stress signal, caspase12 is not only
activated within the ER but also translocated from the ER
membrane to the cytosol, where it can activate caspase9
in a noncytochrome-c– dependent manner.26 One of the
potential mechanisms by which the ER contribute to
apoptosis is through the activation of caspase12.
Caspase12 is a member of the interleukin-1– converting
enzyme subfamily of caspases and is expressed univer-
sally in mouse tissues.13 It has been shown that caspase12
is localized to the ER and activated by ER stress.27 It has
also been shown that the treatment of cells with brefel-
din-A or thapsigargin, both of which stimulate ER stress,
will induce the expression of caspase12.26 Conversely,
apoptosis that occurs as a result of membrane- or
mitochondrial-targeted signals does not activate
Figure 3. Colocalization of Grp78 and
caspase12 in motor neurons 8 hours after
ischemia. A, Grp78 was detected by fluores-
cein isothiocyanate (green). B, Caspase12
was detected by Texas red (red). C, Merged
image with double positive (arrowheads) as
yellow color. Bar  50 m.caspase12.13,28 A recent study showed that caspase12
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Pwas activated in neurons on the ischemic side at 5 to 23
hours of reperfusion after a transient 60 minutes of mid-
dle cerebral artery occlusion in mouse brain.29 Further-
more, Shibata et al29 also demonstrated that many
caspase12 positive neurons exhibited DNA fragmentation
detected by the terminal deoxynucleotide transferase-
mediated dUTP nick-end labeling method. These results
suggest that the activate caspase12 was likely to contrib-
ute to neuronal death from ischemia-reperfusion. In this
study, caspase12 was induced at 8 hours of reperfusion in
motor neurons that eventually die. Therefore, the mech-
anism of induction of caspase12 may be similar to the
motor neuron cells in the spinal cord and brain.
A recent study showed that the overexpression of Grp78
was observed in the motor neurons of the spinal cord before
onset of amyotrophic lateral sclerosis in transgenic mice
with SOD1 mutation.30 In this study, the increase in the
immunoreactivity of Grp78 was demonstrated selectively in
ventral motor neuron cells in the spinal cord after 8 hours of
reperfusion. This finding suggests that the oxidative injury
could activate cytokines and augment Grp78 induction as a
compensatory mechanism. Therefore, our results suggest
that the mechanism of motor neuron death in the spinal cord
after ischemia might have a feature similar to that of amyo-
trophic lateral sclerosis.
This study also demonstrates that immunoreactivities for
both Grp78 and caspase12 were induced at 8 hours in the
same motor neurons that eventually die. These results sug-
gest that ER stress was induced in motor neurons and
contributed to neuronal death by transient spinal cord isch-
emia in rabbits.
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